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IN-LINE AIRCRAFT-ENGINE BEARTNG LOADS
IT - BLADE-BEARING LOADS
By Milton C. Shaw and E. Fred Macks

SUMMARY

A dimensilonal-enalysis method of analyzling bearling loads 1s
applied to the blade bearing of a V-type aircraft englne. This
computation permits the determination of blade-bearing operating
characteristice at all values of engine speed to 5000 rpm and at
all values of 1lndicated mean effective pressure to 500 pounds per
square inch.

Optimum combinaticns of engine speed and indicated mean effec-
tive pressure have been found to exist for which the mean and the
maximumm blade-bearing loads are minima for a given power output.
The best dive-throttle setting with regard to blade-bearing load 1s
shown to be one that will produce an indicated mean effective pres-
sure slightly less than that corresponding to the optimum at dive
speed. The maximum blade-bearing loaed occurs when the rubbing
velocity 1s approximately zerc.

A productlon, 1l2-cylinder, V-type engine 1s specifically con-
sldered to demonstrate the application of the dimensional-analysls
method to the generalization of blade-bearing-load computations.

INTRODUCTION

A generalized method of determining aircraft-engine bearing
loaeds at any cambinatlon of engine speed and 1ndicated mean effec-
tive pressure 18 developed in reference 1. Detailed descriptions
of the theoretical basis of the analysis and the development of the
generallzed treatment are presented therein; computaticns of maximum
and mean crankpin-bearing loads of a production, l2-cylinder, V‘-type
engline are Included to demonstrate the method.
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From a seorles of equations developed by dlmensional analysis,
the followlng fundamental vquatlon is derlved in roference 1 for
culculating the bearing loads of any intornal combustlon engine
in which the 1ndlcatod mean effuctive pressure s assumod to bo
proportlonal to tho manlifold pressuru:

2
M; N MEN D IP Pn

Lspn—————-_-—_,e,r,-y (1)
Igp Lgp Ig' Ig
whoro
N enginu spved, rom
P indlcated muan effoctive preussure, pounds por square inch
Lg otrcks, inchos
W bearing load, aowmds
My rociprocating mass wer crankrin, sluns

M, rotating wass mur crankpln, slugs

D diamestor :f bore, inches

LR longth of connectling rod, inchas

Py manlfold pressurs, nounda nur square inch absolutu
r comprosslon ratio

e crank anglo, dagrevs

4 angle botwoon cyllader center lines, dogroos

0 soms function

Equation (1) simplifiss to the followlng oxpression for a

spucific engino
v [ w2
W=m(N—.e) (2)

\ P
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Equation (2), which is applicable to the princinal bearings of both
in-1line and radial engines, eatablishes the fact that, if W/p 1is

plotted against N°/p at constant crank angle, & smooth ourve will
be obtained. Before equation (2) can be applied and before the com-
putations can be generalized, the blade-bearing loads for a number
of representative ine operating conditions must be computed to
obtaln values of W/p. These computations are made in the usual man-
ner (reference 2) prlyr 50 goneralization.

The investigation of bearing-load determinations was contlnued
at the Cleveland laboratory of the NACA durlmg the spring of 1944
and analyses of maximm and mean blade-bearling loads of a V-type
engine, based on the gemerallzed method, are presented herein.

CONVENTTONAL COMPUTATION OF BLADE-BEARING LOADS

The symbols, the conventions, the engine dimensions, and the
method of analysis employed hereln are the same as thoso ln refer-
vnce 1. The nower conditions Inveatigoted are the same as in refer-
unce 1 and are given in table I. (The bearing overating character-
istics npresented in table I will be considered 1n the following
ssction.) Throughout this report a crank angle 6 of 0° refers to

the top-center nosition of ¢ylinder 1L at the beginning of the expan-
slon stroku.

A schematic dlagram of a V-type englne mechanism is shown in
figure 1, and the comnscting-rod and blade-bearing arrangement is
illustrated in figure 2.

The resultant load acting on the blade Jjournal at any partlicu-
lar crank angle 1s obtalned by vector anddition of the centrifugal
force and the co-linear gas and reciprocating inertia forces. A
representative polar diagram of the forces acting upon the blade
Journal with respect to the engine axis is shown in figure 3, This
dlagram 1s for an indicated mean effective pressure of 242 pounds
per square inch and an engine spesed of 3000 rpm. The individual
vectors constituting the resultant blade-bearing load, at a crank

anglo of 320°, are shown to illustrate the method of voctor addi-
tion.

A polar diagram with respect to the fork-rod axls 18 more
useful than a disgram with respect to the englno axls for deter-
mining the exact load vector acting on the blade Jourmal. These
diagrams may be obtained by rotating each resultant vector of fig-
ure 3 through an angle ¢1 (fig. 1) in the direction of crank-
shaft rotation, Polar dilagrams with respect to the fork-rod axls
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for oach of the slx power condltlons lnvestigated are given in fig-
wros 4 and 5 1n torms of c¢rank-ansle dogrees.

Polar dlagrams wlth rospect to tho blade-rod axls are of inter-
ost lnasmuch as thoy determine tho load voctors actlng on thu blade
benring. Such dlagrams are obtained by rotating tho individual
voctors of figurues 4 and 5 through an angle of 120° + & (fig. 1)
in the direction of crankshaft rotation. Tolrr diagrams with
rogpuct to the bladu-rod nxis, for cach of they six powor conditions
investlgated, arv given in figurcs 6 and 7 In torms of crank-anzgle
dzgreous,

APPLICATION OF TEE DIMENSITONAL-ANALYSIS METHCD
Genornlized Lond Charts

Maximum bearing loads. - Thu rusultant blado-bearing forces
shiown in figurce 3 to 7 can be nunernalizsd by moens of uvquation (2).
Whun W/p s nlottod agalnst Nz/g for nsach of the six powur con-
ditlons »t vonstant values of cronk unslo (fig. 8), tho maximum
valucs of w/p arv found to cccur ot crank angslos of approximately
320° or G660-. Addivional Hoints wure computed for those crank
unglss In <ordor t oxtond ihs cmrves 1n figurce 8 buyond the roglon
covared by the sirx » wur conditisns. Thoe soild »ortlon of each
curve corrosnonds vury uvlosuly to the maximum value of W/p ovur
tou werticular rango of Nz/p concornud. All tho nlots of W/p
azalnst Nz/p 2re portions of ayrorbolic~typ. curvea. The solld
nurtlons ot botk curveus of interost 1ic saf'ficlontly far from their
rogwuctive verticus Fo be cunmidersd linear,

A conveniunt churt 1'7r dvtoermining maxlmum bluado-besring loads,
obtalned from tho curvos of flgurc 8, ia wruscntod in Flgure 9. Tho
lino OA rutrossonts cn optlmm combinntlon of spoud and indicated
moan offcctlve prossury corrusronding to the lowust possiblo value
of tho maximum bl-.do-boaring load at a glvrun nowur lovel. It can bo
suln from figure 9 thet this optimm combinaticn falls in an imprac-
tleal opurnting ruglon. Consvant lndicatod~horscpowsr curvos have
boun 1ncludud ior convonilsenco.

Mean boaring loads. - Tho moen lond auting on tho blado buaring
ls dobormined by nlotting lond azninst crank anglo on coordlnato
gruph paper; the avorage bolght of this curve is obtained by use of
a polar planimutor. Thu ruvsults of the dimensional trvatmont woro
also utllizod to genuraligy tho moan-load snalysis. In figure 10,
W/p 1s nlottod agalnst N2/p, whoro W 1s tho mean blade-bearing
load.
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A useful chart for determining mean blade-~bearing loade is
obtained from figure 10 by plotting engine speed against indicated
meen effective pressure for constant values of mean load. Such a
fanily of curves 1s precented in figure 11y The oplLimum-maximum—
load curves shown for four compression ratios were included to per-
mit comparison with each other as well as with the mean-load curves
and will be discussed under Effect of Engine Dimensions upon Elade-—
Bearing Loads, Constant indicated-horsepower curves have Leen
included for convanience,

Optimum combinations of indicated mean effective pressure and
engine speed, — Familles of constent indicated-horsepower curves
(fie. IE; for maximum and mean blade-bearing loads are obtained from
fipures 9 and 11, (Points beyond the range of these charts were
obtained from figs. 8 2nd 10.) The loci of the optimum combinztions
of engine speed and indicated mean effective pressure for the maxi-
mun and mean blade~bearing loads are represented by the curves_  CC
and DD, recspectively.

A closed throttle setting in a dive is desirable with regard
te the m2an blade-bearing loosd, as shewn in figure 11, The rate of
increase of maximum blade—bearing load with indicated mean effec-
tive pressure at constant speed is great for points zbove line OA
cf flgure 9 but is zctually negative for points bulow OA, The
indicated mean effective prussure will therefore affect the maximum
bearing losd very little if thu peint reprssenting the dive speed
and the indicnted mcan effective pressure lies below line CA, Pwurt-
throttle operaticn corresponding to a point close to, tut below, line
CA should minimize any tendency toward oil pumping in a dive,

Rubting factor, — The "rubbing facter," 1lthough considercd a
poor criterion for evaluating the severity of bearing operating con-
diticns, will be determined. The customary method of determining
this factor, multiplying the rubking spesd of = journal by the mean
unit-bearing load, must be extended in order that the rutbing fac—
tor of the blade btearing mey be obtzined., The relative motion
between the blade bearing and the blade journal is shown in the
appendix to be an approximate sinusoidal oscillation. Inasmuch as
the rubbing factor is generally considered to be proportional to
the heat gunerated in the bearing, it is herein considered as the
product of the mean relztive rutbing velocity and the mean unit
bearing load. The mean rutbing velocity V (in ft/sec) is deter—
minad from equation (Al2) (in the appendix):

V = 0,00308 N
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The rubbing factor RF for the blade bearing 1s therefore
RF = 0.000897 MW (2)

where the effectlve bearing area 1s 3.44 square inches and the rub-
bing factor is given in units of (£t 1b)/(sq in.)(sec).

Verificatlion cf the Generalized Load Charts

The generalized analysis was checked by constructing a polar
dlagram for an extreme combination of speed and 1ndicated mean
effective pressure (3600 rpm and 182 1b/aq in.). The resulting
polar dlagram is shown in figure 13. The maximum lcad fram figure 13
is 12,450 pounds at a crank angle of 660°. The corresponding meximum
load from figure 9 is 12,250 pounds also at a crank angle of 660°.
The close agreement of values 18 consldered as ample verlfication of
the accuracy of the computatlions as well as of the generalized treat-
ment.

Effect of Engine Dimensions upcn Blade-Bearing Loads

The blade-load charts presented are directly applicable only to
an engine having the same dimensions as the V-type englne herein
conslderod. As pointed out in refersnce 1, attempts to make bearing-
load dlagrams applicable to any in-line onglne have not been entirely
successiul inasmuch as no simplo method has beon found by which a
change in thu magnlitude of the reciprocating and the rotating weighte
may be taken into ccnsidoration when dimensional analysis 1s employed.
Changes in load charts brought about by differences in the connecting-
rod longth and the compressicn ratio have, howevor, been determined.
In general, the cngine dimonsions have the same cffect upon blade-
bearing loads as upon crankpin-bearing loads, which are described and
oxplained in dotull in roeferonco 1. ¥For convenlence of tho reador
these wffoecta are given herowlth as they apply to the blade bearing:

1. Changes in tho ratio of connecting-rod length to crank throw
wilthin tho range fram 3 to 4 have no moasurablo effect upon the acec-
racy of the valuvs of blade-boaring lcads glven in the polar diagrams.

2. The compression ratio affocts tho shape of the lndicator dia-
‘gram and thereforc affocts the gus force developed in the engine cyl-
indor, particularly during thzt portion of thc expansion stroke when
tho plston is near tho top-conter position.



NACA ARR No. ESH1Ob 7

3. The ccmpression rdtlo considerably influences the resultant
maximum blade-bearing loads in the orank-angle reglon of 320°. (See
" fige. 9 and 14.) - .- - .
4. The compression ratio will influence the mean blade-bearing
load very little because the compression ratlio significantly affects
the gas force only during a small portlon of the cycle and part of
this effect is compensatory.

5. Location of the curves OA -for optimum combinations of

gpeed and indlcated mean effectlive pressure changes with campression
ratio. (See fig. 11.)

DISCUSSION

Representative values of blade-bearing operating character-
lstlos are gilven In teble I for six power conditions. It can be
seen that the maximum load increases very rapldly with indicated
mean effective pressure when the engine speed is held comstant. The
maximum load occurs st a crank angle of 320° for practlical operating
conditions. The maximum unit blade-bearing load 1s large, espe-
clally at high indicated mean effective pressures and low engine
speeds. The mean load lncrcases with elther an increase in Indlcated
moan effectlve pressure or an increase in engine spoed. The rubbing
factor for this bearilng is unusually low,

The rolatlive motion between the blade boarlng and the Journal,
as shown in the appendix, varies sinusoldally with an amplitude of

approximately l% inches. Thils type of motion together with an

unusually small length-diameter ratio of the blade bearing, dlscour-
ages clrcumferential oil flow; hence a large nuvmber of oll holes 1s

required. (The blade Journal of the V-type engine herein considered
is fitted with eight equally spaced holes of 7/64-in. diamster. )

Figures 4 to 7 indicate that the maximum loads ocour near the
crank-angle values at which the rubbling veloclty 1s O, which is
undesirable because the bearing must stuart from rest under very high
load. The possibllity of altering the firing order to prevent the
maximum blade-bearing load from occurring at a rubbing velocity of
0 was Investigated. It was found that, for all practicel filring
orders of a V-type engline, the right- block plston must be at a crank
angle of either 60° or 420° whon the left-block piston is at 0°
The O value of wvelocity occurs &t tho maximm load for each of these
phase relations and, therefore, for all feasible firing orders.
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For cscillatory motion, load is best carrled by a rolling-
contact bearing. If difficulty is expoerienced with the blade bear-
ing at high values of indicated mean effective pressuro, the use of
a needle blade bearing might be a llkely solution. Inasmuch as tho
load at the bearing parting lines 1s alwaye rolatively small, no
difficulty should be oxperienced because of discontlinuity of the
bearing surfeace at tho parting line.

CONCLUSIONS

From a series of computations using the dimonsional-analysis
mothod of analyzing the blade-boaring loads of a V-typo cnglne, the
following conclusions wore drawn.

For V-type ongines:

1. Optimwm combinations of engino speed and indicated mean
gffectivo proussure exist for which the mean and maximum blade-boearing
loads arv miniman fur o given powor output.

2. At a given powsr level the optimum maximum blade-bearing load
varies directly with the ccmprossion ratio.

3. The ratio of connecting-rod length to crank throw does not -
appreciebly infiuence the mean or the maximm blade-bearing load.

For the production, V-type engline hereln considered:

1. The combinatlons of engine speed and indicated mean effec-
tive pressure curresponding to optimum values of both mean and maxi-
mum blade-bearing lcads lie in an Impractical operating region.

2. The maximum blade-bearing load occurs in the crank-angle
reglons cf 320° or 660° depending upon the relative values of engine
speed and 1ndicated mean effective preessure employed.

3. The moximum blade-bearing load occurs when the rubbing vel-
oclty is approximately O.

Aircraft Englne Research Laboratcry,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX - RELATIVE MOTION BETWEEN BLADE JOURNAL AND BLADE BZARING

The following derivatioch can be used to obtain an expression
for determining the maan rubbing veloclity of the blade journal rel-
ative to the blade bearing. From figure 1.

6-g+¢2-g1 ) (Al)
R sin 0 = Iy sin @y (52)
Rsin@+§>=LRsin¢2 (A3)

where all angles are measured in radians, From equations (A1), (A2),

and (A3)
r
6= %’ + sin"l‘}% sin <9 + %r)}_ si.n'l% sin 9 (A4)

For the V-type engine herein considered, R/Lg 1s 0.30. Therefors

5a I 4 sin"l[O.BO sin <6+ %)]— sin~1(0,30 sin 6) (AS)

W

Inasmuch as the blade boaring of the V-type engine herein con-
gidered is 3.688 inches in dlumeter, tho distance between the fork-rcd
axis and the blude-rod axls neasured along tho bearing porliphery is

L 3.588 ¢
B N fo (46) .

From equations (A5) and (A6)
8= 0,1536 TBT + sin” [0.30 sin <G + %D]— sin_l(0.30 sin 6)} (A7)

Equation (A7) may be approximated by the following simplified expres-
sion with a maximum error of 0,5 percent:

s = 0,1617 + 0.0467 sin @ + 2—}‘) (48)

The relative velocity V betwesn the blade bearing and blade

Journal may be obtained by differentiating expression (A7) with
respect to times

—
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cos G*@ c-os 3]

V = 0,00482 N -

— = 3
,-‘F -[0.30 sin (9 + %jz ’{l - (0,30 sin 9)?

where N 1is engine speed, rpm. ©

(49)

Equation (A9) may be approximated with a maximum error of
4 percent in the following manner:

V = 0.00482 N cos 6?+ 2§> ' (A10)
The time-weighted mean velocity V is given by
30
N
vdt
T — (411)
30
N
dt
0

If zero time corresponds to the crank-angle value for which the veloc-
1ty 18 0 -—611 radians). then
110
6
8
ol

V = —55 = 0.00308 N ft/sec (A12)

¥
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TABLE I - REPRESENTATIVE VALUES OF BLADE-BEARING OPERATING CHARACTERISTICS

FOR A PRODUCTION, 12-CYLINDER, V-TYPE ENGINE

Power |Englne imep, 1hp|Maxlmum Maximum [I.ccation |[Mean Mean Rubbing
condi- gpeed, P bearing] unit of maximun|bearing| unlt factor,
tion N (1b/eq in.) load?, bearing |bearing |load?, bearing RF
(rpm) W load? load W loadP (£t 1)/
(1b) [(1b/sq in.)|(crank- (1p) {(1b/sq in.)|(sq 1n.)
angle deg) (sec)
1 3000 182 1170 172,070 2920 320 5380 1560 14,400
2 3002 242 1570} 16,260 4700 320 5980 1730 16,000
3 3000 303 1960} 22,280 £480 320 68580 1920 17,700
4 3000 363 23801 27,340 8239 320 7100 2080 19,000
5 3300 242 1720 14,649 4250 3520 6830 1240 19,800
] 3600 242 1880 12,500 3640 320 7560 2200 24,400

&The bearing-load data were taken from figures 9 and 11 and deviate slightly from the

values shown on the polar dlagraus (fizs. 3 %o 7).

e vrojocted area of the blade bearing is taxen as Z.44 sq in.

Natlonel Advisory Commlttee
for Aeronautics
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Figure 1. - Schematic diagram of rhe mechanism of a 12 cyl-
inder V—rype engine.
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Figure 3. -~ Polar diagram showing the magnitude of the re-
sultant force on the blade journal of a V-type engine and
its direction with respect to the engine axis. Engine
speed, 3000 rpm: indicated mean effective pressure, 242
pounds per square inch. _
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(a) Inaicated mean effective pressures, 242 and 363 pounds
per square inch.

Figure 4. -~ Polar diagrams showing the magnitude of the re-
sul tant force on the blade journal of a V-type engine and
its direction with respect to the fork-rod axis at an en-
gine speed of 3000 rpm.
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Figure 4. - Concluded.
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Figure 5. - Polar diagrams showing the magnitude of the re-
sultant force on the blade journal of a V-type engine and
its direction with respect to the fork-rod axis at an in-
1Icared mean effective pressure of 242 pounds per square

nch.
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Figure 8. - Polar diagrams showing the magnitude of the re-
sultant force on the blade bearing of a V-type engine and
its direction with respect to the blade~rod axis at an en~
€ine speed of 3000 rpnm.
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Figure 7. - Polar dlagrams showing the magnitude of the re-
sultant force on the blode bearing of a V=-type engine and
its directton with respect to the blade-rod axis at an In-

7Icared mean effective pressure of 242 pounds per sSquare
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